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I. INTRODUCTION 

The development of systematic approaches for the calcula- 
tion of hadronic reactions and decays is one of the open prob- 
lems of QCD. If energies are restricted to a region in which the 
only participating mesons are Goldstone bosons, chiral per- 
turbation theory successfully describes the dynamics of the 
relevant degrees of freedom (lm|]- In the energy range of 
hadronic resonances, however, one typically has phenomeno- 
logically successful models at hand, but, being models instead 
of effective field theories, it is not clear how to systematically 
improve them or assess quantitatively the intrinsic uncertain- 
ties. Clearly it is desirable to push the borderline for the ap- 
plication of effective field theories towards higher energies. 
Recently a counting scheme has been suggested in J5|] and 
further explored in [|6t] for flavor-SU(3) systems of Goldstone 
bosons and light vector mesons. Such a scheme makes in par- 
ticular much sense if all degrees of freedom relevant for the 
considered energy range are taken into account. Restricting 
the attention to pseudoscalar and vector mesons is certainly 
reasonable if all other low-lying mesons can be understood as 
being dynamically generated from the interactions of the for- 
mer (concerning scalar and/or axial-vector mesons see, e.g., 
Il7l- [l3ll and references therein). This is essentially the hadro- 
genesis conjecture JH [l4l - [l7ll applied to the sector of flavor- 
SU(3) mesons. 

In the counting scheme of Q5£| the masses of both vector 
mesons (A) and pseudoscalar mesons (B) are treated as soft, 
i.e. 



m A ~ Q, m B ~ Q 



(1) 



where Q is a typical momentum. Focusing on decays of vector 
mesons, all involved momenta are necessarily smaller than the 
vector-meson masses. Thus, a derivative always scales as 



Q 



(2) 



not depending on wether it acts on the vector or the pseu- 
doscalar meson. This is conceptually different from the ap- 
proach followed in ifTii [l9ll . While (part of) the Lagrangian 



0,161], which we use in the following, resembles the one of 
[l9|]^_there is an important difference in the power count- 
ing: In Ill8l[l9ll all derivatives and the masses of pseudoscalar 
mesons are also treated as soft, but the vector-meson masses 
are not. Since our approach aims in the present work at the 
description of vector-meson decays, it is certainly suggestive 
to conceptually treat all masses, energies and momenta of the 
actively involved mesons on equal footing. In [5] this scheme 
based on (II 12b has been used in leading order to calculate 
two-body decays of the nonet of light vector mesons. It was 
possible to qualitatively explain the experimental finding that 
flavor breaking is rather small (of subleading order) for the 
corresponding hadronic and dilepton decays of vector mesons 
while it is sizable for the radiative decays into photon and 
pseudoscalar meson. Quantitatively these two-body decays 
have been used in |5[ to fix the parameters (low-energy con- 
stants) of the leading-order Lagrangian. Extending this work, 
hadronic three-body decays of vector mesons have been de- 
termined in [6]. It turned out that no new parameters were 
needed for the leading-order calculation. The result for the 
decay width of the <w-meson into three pions turned out to 
be very close to the experimental value. Predictions for rare 
^T*-meson decays into two pions and one kaon have been pre- 
sented. It is the purpose of the present work to extend this 
study to electromagnetic transition form factors. Again, no 
new parameters are needed for the leading-order calculation. 
Therefore, it is possible to test the results against the available 
data and to predict decay rates for processes which were not 
measured yet. 

Electromagnetic form factors are regarded as an important 
tool to study the intrinsic structure of hadrons [20]. Of partic- 
ular interest are the decays of the narrow pseudoscalar states 
n, 77 and 77' into two real or virtual photons and of the nar- 
row vector states a> and <p into a pseudoscalar and a (real or 
virtual) photon. The pseudoscalar decays are even of some 
relevance for searches for physics beyond the standard model 
of elementary particles: Their size influences the anomalous 
magnetic moment of the muon 112 ill . On the other hand, 
the mentioned decays of pseudoscalar mesons and of vector 



2 



mesons are even interrelated, since the neutral vector mesons 
have the same quantum numbers as the photon. In fact, for 
many reactions, where dileptons couple (via a virtual photon) 
to hadrons, the vector-meson dominance (VMD) assumption 
l22tl turned out to be phenomenologically very successful. 
One example where standard VMD dramatically fails, how- 
ever, is the transition form factor of the w-meson I20LI23II . i.e. 
one of the quantities which we will study here. In fact, previ- 
ous models based on VMD, e.g., ll24l l25ll . could not explain 
the steep rise of the to form factor. On the other hand, our 
counting scheme provides a new microscopic view on VMD 
and systematic corrections to it: Since in the VMD contribu- 
tion to a process a vector-meson propagator appears, such a 
contribution is typically enhanced relative to the correspond- 
ing point interaction by two orders in the scale Q of typical 
momenta. For the case of interest this will be shown explic- 
itly below in Sect. [II] Of course, there are corrections to that 
picture which come in at next-to-leading order of our counting 
scheme. To work out these corrections is left for future work. 
In the following we restrict ourselves to the leading-order cal- 
culation. Yet there is still a twist in the argument concerning 
the enhancement of the VMD contribution. It comes from a 
technical aspect of our formalism: Our counting scheme is 
formulated for vector mesons in the tensor realization using 
six degrees of freedom with three frozen to describe the three 
physical spin states of a massive vector meson. In contrast, 
standard VMD is formulated in the vector realization which 
uses four degrees of freedom (with one frozen). It turns out 
that in the tensor realization the leading-order contribution to 
the transition form factors indeed comes solely from diagrams 
with intermediate vector mesons. However, if one translates 
the contribution into the language of standard VMD one gets 
both a vector-meson contribution and a contact term. The cru- 
cial point is that no new parameters show up here. The size 
of the contact term is fixed by the fact that it originates from 
the vector-meson contribution in the tensor realization. This 
and only this contact term is of the same order in our counting 
scheme as the (standard) vector-meson contribution. All these 
issues will be further discussed below. Concerning the differ- 
ent realizations of vector-meson fields and their interrelations 
we refer to II 19ll26l 12711 . We note in passing that the same find- 
ing holds for the three-pion decay of the w-meson studied in 



In the following we will study the processes to — > n° l + l~, 
to — > rjl + r and <p — > rjl + l~ with leptons I = e,fi. The OZI 
forbidden decay <p — > n° is not covered by the leading- 
order Lagrangian of our scheme (cf. also JU). For the decay 
to — > 7T° h + lT very recent and accurate experimental data for 
the form factor are available, provided by the NA60 collabora- 
tion 1I23I1 . In addition, experimental values for the (integrated) 
partial decay width of the w-meson into a pion and both di- 
electron and dimuon are collected in [28]. There are also data 
taken with the SND detector at the VEPP-2M collider for the 
transition form factor of the 0-meson to an 77-meson and a 
dielectron M29I1 . Finally, the experimental value for the corre- 
sponding partial decay width can be taken from B28I1 . Besides 
these comparisons to existing data we provide predictions for 
the decays of the w-meson into an 77-meson and a dielectron 



or dimuon and for the decay of the 0-meson into an 77-meson 
and a dimuon. 

The paper is organized in the following way: In the next 
section the relevant part of our leading-order Lagrangian and 
general formulae for the transition form factor are introduced. 
The calculations for the decay of an w-meson into a pion and 
a dilepton are presented in Sect. [Ill] For all considered pro- 
cesses the form factor, the single-differential decay width and 
the integrated partial decay width as well as the corresponding 
branching ratio are given. Additionally, the single-differential 
decay width of decays into dielectrons is integrated for di- 
electron masses above 2111^ to be able to compare results of 
the decays into dielectrons and dimuons. In Sects. HVl and [VI 
we present the results for the decay of an w-meson and a cf>- 
meson, respectively, into an 77-meson and a dilepton. Finally, 
the results will be summarized and an outlook on possible ex- 
tensions of the present work will be given in Sect. [VT] 



H. TRANSITION FORM FACTOR AND LEADING-ORDER 
LAGRANGIAN 

Generically the matrix element for the decay of a vector 
meson A into a dilep ton / + /~ and a pseudoscalar meson B can 
be expressed as [20] 

1 



M(A -» Bl + r) = e % f AB {q Z )^ mp q ll k v e a -= u s (qx)y B v s ,(qi) 



(3) 



Here e is the electron charge, e 1 ""^ denotes the Levi-Civita 
tensor, k and q are the four-momenta of pseudoscalar meson 
B and the virtual photon, respectively, e a is the polarization 
four-vector of the vector meson A, q\ 2 is the four-momentum 
of the lepton F and u, v denote the corresponding spinors. The 
hadronic information is included in the form factor /ab(<7 2 ) of 
the A — > B transition. It is common practice to introduce a 
normalized form factor as 



F AB (q 2 ) := 



fA B (q 2 ) 
f AB (0) ' 



(4) 



so that F AB (0) = 1 at the photon point. 

The double-differential decay rate of the decay of a vector 
meson A into a pseudoscalar meson B and a dilepton Z + T can 
be calculated as [28] 



d Fa- 



■Bl*l- 



2a 2 1 



dm 2 +l _dm 2 +B n 32m\ ^ AB ^ q 4 ^ 



with the fine-structure constant a - e 2 /(An), the phase-space 
factor 

P — — — e /iVQ ^fe /J 9v furajg q y 

X ^ U s (q{)y B V s ,(q2) v s >(q 2 )-/u s (qi) (6) 

and the following variables: 



mf +l - :=(qi+ qi) 2 



«7, + 



l*B ■- 



(qi + kf 



(7) 
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By integrating Eq. © the single-differential decay width l20ll 



dr 



A^Bl*t 



dm 2 +! _ T A ^ By 3n 




1 + 



ml-m 2 Bj 



\m] 



"1*1- 



1 + 



2m V 



m lt 



(m 2 . - ml) 2 



3/2 



\F AB (ml t )\ 2 



(8) 



is obtained. Here m/ is the lepton mass and 



tA^By - 



( m 2 A -m B f, 
96n m\ 



■ I/ab(0)| 2 



(9) 



denotes the partial decay width into a real photon. 

The task is to obtain an expression for the hadronic quantity 
/ab(? 2 )- In fact, our formalism "only" provides a prediction 
for the normalized form factor (01 since our input parameters 
have been fitted in ]5|] to obtain the experimental values for 
the real-photon radiative decay widths © for various combi- 
nations A and B. Since the experimental values for the latter 
decay widths have slightly changed and to obtain a rough es- 
timate for the intrinsic uncertainties of our approach based on 
a leading-order calculation we will provide updated fits of our 
parameters below. 

In principle, the vector meson A can either directly decay 
into B and a (real or virtual) photon or indirectly via an inter- 
mediate vector meson. The leading-order Lagrangian of |5] 
allows only for the indirect decay. Its relevant part is given by 



r ; i = - T ^ ? ^ VQi8 tr{[^ v ,(^y ra )] + 5^} 
1°/ 

e^tr{[V,V^] + [<I>,*o]+} 



16/ 

^tr{V- W v 



(10) 



The first two terms of this Lagrangian describe the decay of 
the vector meson A into the virtual meson A' and the pseu- 
doscalar meson B while the last term yields the direct con- 
version of the meson A' into a photon. (The final decay of the 
virtual photon into the lepton pair is described by usual QED.) 
In ( fTUb the following flavor matrices appear: The vector and 
pseudoscalar mesons are collected in 



P/iv + W /JV 



V u 



I V2X-- V2Xt \% V J 



(11) 



and 



'a - 



VI 
V2V 

y/2K~ 



(12) 



respectively. The quark charge matrix is denoted by 

fl 
Q= -± 
{0 -i, 



(13) 



and the flavor-breaking term proportional to the quark mass 
matrix is 
















2m\-m 2 J 



(14) 



with the pion mass m n and the kaon mass m^ neglecting 
isospin-breaking effects. Finally A v denotes the photon field. 
The values for the coupling constants h A , b A , /, ey and my 
will be given below. 

Since in our approach large-A^ c considerations are incorpo- 
rated JH], loops are automatically suppressed and therefore do 
not show up in a leading-order calculation. Hence the calcula- 
tion is restricted to the tree-level contributions emerging from 
(EI). In H one particular tree-level next-to-leading-order 
term has been selected to obtain a rough estimate about the 
importance of next-to-leading-order contributions. We also 
provide such estimates here for the transition form factors. To 
this end we introduce one part of the next-to-leading-order 
Lagrangian: 



-Cdir. - - 



eA 
Afm v 



^ tr{[g, (d T V Ta )] + dp® d„Ay} . (15) 



It is important to stress that we do not provide a full next- 
to-leading-order calculation here. We even do not provide 
the (relevant part of the) complete next-to-leading-order La- 
grangian. The term given in dT3T > is only a selection. However, 
besides the possibility to provide rough error estimates, this 
particular term serves to further discuss the issue of vector- 
meson dominance (VMD). Indeed, the term given in dT~5b de- 
scribes the direct decay of A into B and a photon without an 
intermediate vector meson, i.e. it is a non- VMD term. We will 
come back to that point in Sect. |III]where we discuss the form 
factor of the <y-meson. In the remainder of the present section 
we will point out how the coupling constants appearing in ( TfOb 
and (TOT l are fixed. 

Following [5] and previous works cited therein we choose 
f ^ 90 Me V for the pion decay constant in the three-flavor chi- 
ral limit. The scale my = 776 MeV has been introduced for 
convenience to obtain dimensionless coupling constants ey 
and e A . The parameter ey ^ 0.22 is fixed by the direct dilepton 
decays of p°, co and <p |5i]. The remaining parameters are now 
fitted to the decays a> — > 7r°y, <w — > t]J an d <P ~ * 7y> i- e - to me 
real-photon counterparts of the transition form factors we are 
interested in. First we use a strict leading-order set, i.e. we put 
e A =0 and choose 



Jza-2.32, b A ^Q.\9. 



(PI) 



The good quality of the fit is demonstrated in Table U A sec- 
ond parameter set is obtained by allowing for a non-vanishing 
value of e A . This procedure has already been performed in [5] 
(considering in addition also radiative K* decays). Meanwhile 
the data for these decays have slightly changed 112811 . We take 
the values for the leading-order parameters h A and b A from @1 
and only fine-tune e A . In that way we get 



h A - 2.10, 



0.27. 



0.015. 



(P2) 
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We did not modify the values for Ka and b A from ^ since they 
gave an excellent description for the three-pion decay of the 
w-meson IfJ. We note that the value for eA is only marginally 
changed: It was e A 0.02 in I5J. Also for parameter set dP2t 
the resulting values for the radiative decay widths are given in 
Table U 





exp. value 


param. set dPlt 


param. set ||P2|| 


til— >7r°y 


(7.03 ± 0.30) 


10" 


4 GeV 


7.14 • 10~ 4 GeV 


7.34 • 10~ 4 GeV 


r 


(3.91 ±0.38) 


10" 


6 GeV 


3.71 • 10-" GeV 


3.83 • 10- 6 GeV 


r 

* tp^ijy 


(5.58 ±0.15) 


10" 


5 GeV 


5.38 ■ 10- 5 GeV 


5.12- 10~ 5 GeV 



TABLE I. Partial decay width calculated with parameter set JPU and 
parameter set dP2t . respectively, compared to the experimental values 
as collected in l28Tl . 

In the following we will present calculations for both pa- 
rameter sets (IF* 1 b and ( 1P2I >. As already mentioned the purpose 
is to obtain a rough estimate for the inherent uncertainties of 
the approach caused by the fact that only a leading-order cal- 
culation is performed. We note that the values for the leading- 
order coupling constants Iia and bA do not drastically differ 
for the two parameter sets. This gives credit to the proposition 
that the e^-term of (TT3T > is of subleading order. In the fol- 
lowing sections we study the transition form factors and the 
corresponding differential decay widths. We stress again that 
for these calculations no new parameters appear. 



III. DECAY i 



n°i + r 



Analyzing the Lagrangian (fTOb for the indirect decay of an 
w-meson into a pion and a vector meson, it turns out that due 
to isospin symmetry all terms vanish except the ones including 
p-mesons. So an w-meson can only decay into a pion and a 
dilepton via a virtual p-meson. The form factor for direct plus 
indirect decay determined by the Lagrangians ([T5j and ( fTOb is 
calculated as 



LAq ) 



m„ 



If my e 
1 

4 



2 m n 2 

e A + 2 b A e v m v —rS p (q ) 



- j e v h A m\ ( 1 + — ) S p (q 2 ) 



with the p-meson propagator 
S p (q 2 ) = 



q 2 -m 2 + i^-T p (q 2 ) 



(16) 



(17) 



Here we have included for completeness the energy- 
dependent width, 



T P (q l ) = To 



Pcmiq 2 ) 



Pcm(m 2 ) 



(18) 



of the p-meson with its onshell width Tq ^ 150 Me V and the 
center-of-mass momentum of the pions 



Pcmiq 2 ) = - yjq 2 -4ml. 



(19) 



It turned out that in all calculations the results with and with- 
out vector-meson widths differ by less than 1 % for the inte- 
grated quantities. As we do not consider our leading-order 
calculations and the determination of our parameters to have 
such a good accuracy, the width is neglected in the calcula- 
tions presented in this paper. In addition, we note that for 
the unintegrated quantities (form factors) the modifications 
caused by a finite width are of the same size as the deviations 
between our two parameter sets. This is intrinsically consis- 
tent since the finite width is indeed a next-to-leading-order 
effect. 

In Fig. Q] the respective form factor © for both parame- 
ter sets (IPU and (IP2b is plotted. The deviation of these two 
curves (full and dotted) from each other is rather small, sug- 
gesting that the leading-order calculation could be reasonably 
accurate. Our calculations are compared on the one hand to 
the form factor which one gets from the standard vector meson 
dominance (VMD) assumption (dot-dashed line), i.e. 



virtual 



(20) 



with the mass m v i rtua i of the intermediate vector meson, and 
on the other hand to the experimental data for the decay 
oj — > 7T° fi + p~ obtained by the NA60 collaboration B23I1 . Ob- 
viously, the VMD model fails to describe the data, the defi- 
ciency mentioned already in the introduction. On the other 
hand, our calculations fit quite well to the experimental data, 
except for the last three data points which are already close to 
the upper kinematical boundary, m/+/- < m u - m„. 

Before we continue with a comparison to further data it is 
worth to discuss qualitatively the difference of our approach 
to standard VMD. Looking at the non-normalized form factor 
(O we see that the e A term is clearly a non-VMD term, a 
constant, while the b A term is of VMD type. The h A term, 
however, is of mixed character: Neglecting the width in the 
vector-meson propagator one can rewrite 



q 2 S p (q 2 )* l+m 2 S p (q 2 ). 



(21) 



Thus, this contribution consists of a constant (non-VMD term) 
and a term with a propagator (VMD term). Both are parts of 
the h A contribution. On the other hand, numerically the h A 
term is the most important one. If one drops all other terms, 
e A ,b A — > 0, and neglects the difference between p- and lo- 
meson masses, m w — > m p , one obtains from ( TToT i for the nor- 
malized form factor © 



°(q 2 ) 



ml + q 2 



(22) 



which should be compared to the standard- VMD formula 
(l20l >. Therefore, in the language of standard VMD our ap- 
proach predicts a sizable deviation from VMD. It is important 
to stress, however, that the additional non-VMD term (contact 
term) does not show up with an arbitrary adjustable param- 
eter. Instead, both the standard- VMD term and the contact 
term emerge from one and the same vector-meson contribu- 
tion in our framework where vector mesons are represented 



5 
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stand. VMD 
NA60 




0.1 0.2 0.3 0.4 0.5 0.6 0.7 
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FIG. 1. Form factor of the decay a> — > n° l + T compared to dimuon 
data taken by the NA60 collaboration [23]. The solid line describes 
the form factor calculated with parameter set dPlt and the dotted line 
the one calculated with parameter set dP2t . The dot-dashed line is 
calculated with the VMD model i20\ using the mass of the p-meson, 



by antisymmetric tensor fields. Though the chosen represen- 
tation does not influence the resulting physics, contact terms 
can look differently in various representations and thus yield 
different orders in the applied counting scheme. Hence, the 
deeper question is, why one should use antisymmetric tensor 
fields together with the counting scheme and not any other 
representation. At present we cannot give a fully convincing 
answer to this question. Maybe this can only be provided by a 
microscopic justification of our approach, i.e. by a determina- 
tion of our low-energy constants from QCD. This is clearly far 
beyond the scope of the present work. It is interesting to note, 
however, that among all representations which treat the vec- 
tor mesons as transforming like ordinary matter fields under 
chiral transformations (and not like gauge fields) lfl9ll it is the 
tensor representation where the terms with one vector-meson 
field have the minimal number of derivatives Q Therefore, the 
vector-meson contributions are maximally enhanced. In that 
sense it can be reasonable to actually formulate the VMD con- 
cept in the tensor representation; an observation also made in 
in the context of saturating the low-energy constants 
of pure chiral perturbation theory by vector mesons. We note 



1 In the tensor representation, such terms contribute at o(Q 2 ), in the vector 
representation at o(Q 3 ). In any other representation vector-meson fields 
have more than two indices and therefore involve more than two deriva- 
tives. 



in addition that one motivation to introduce the tensor repre- 
sentation is the fact that current conservation is easy to ensure, 
even in the presence of resummations I27I l30ll . In any case, 
from the comparisons to experimental data in the present work 
and in ^ we conclude that the use of the tensor representa- 
tion together with our counting scheme provides reasonable 
results. Therefore we regard it as worth-while to explore fur- 
ther consequences of our scheme in the future. 

We continue our presentation by comparing our calcula- 
tions to the single-differential decay widths given in ([8). For 
dimuons the results are shown in Fig. [2] It is worth to point 
out how this figure is obtained. For the curves of our ap- 
proach (full and dotted line) we directly use the integral of 
© together with dT6jl and either (ED or dP2j). For the VMD 
model (dot-dashed line) and to translate the form-factor data 
of NA60 we used ([8]l together with the experimental value for 
F w ^» r (see Table [TJ. As can be seen in Fig.[2]the high-mass 
data points which cannot be described by our approach (cf. 
Fig- HJ will not contribute much to the integrated partial decay 
width. 




0.4 0.45 

>|x -[GeV] 



0.65 



7T° yT\l 



FIG. 2. Single-differential decay width of the decay a) 
compared to experimental data calculated with {8]l and the form fac- 
tor determined by the NA60 collaboration 12311 . The solid/dotted line 
describes the width calculated with parameter set (fPTJ/«[P2]>. The dot- 
dashed line is calculated with the VMD model. 

The single-differential decay width of the w-meson into a 
pion and a dielectron is plotted in Fig. [3] Obviously the peak 
appears at dielectron masses where the form factor is hardly 
probed. Deviations between different form factors appear in 
the tail of the distribution. To be able to compare the results 
of the decay of the w-meson into a pion and a dielectron to 
those of the decay into a dimuon, the single-differential decay 
width above m ftf - = 2m^ is plotted in Fig. [4] Again one ob- 
serves significant differences between our approach and stan- 
dard VMD. 

For the partial decay widths one gets 

rV-wV/r = (9.85 ± 0.58) • 1(T 7 GeV, (23) 
r^A-e- = (6.93 ± 0.09) • 10~ 6 GeV (24) 
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In order to compare the sensitivity of experiments with muon 
pairs and with electrons pairs the single-differential decay 
width of the decay of the <y-meson into a pion and a dielectron 
is also integrated from m e + e - = 2m^ on resulting in 



r part 0+ = (1.15 ± 0.06) ■ 1CT GeV 

to— m u e + e ' 



and the branching ratio 



r pan 0+ IT a = (1.35 + 0.07)- 10~ 4 . 



(31) 



(32) 



Obviously, the numbers given in d27l > and d32l are of compa- 
rable size as one can already anticipate from comparing Figs. 
[2]and|4] 



FIG. 3. Single-differential decay width of the decay a> — > n° e + e~ 
calculated with both parameter sets dPlt (solid line) and l lP2b (dotted 
line) and the standard VMD form factor (dot-dashed line). 




0.4 0.45 



0.65 



FIG. 4. Single-differential decay width of the decay to — > n° e + e~ 
above m e + e - = Im^. Again, the solid/dotted line is calculated with 
parameter set JPlt / dP2t and the dot-dashed line with the VMD form 
factor. 



which agree very well with the experimental values from [2 



P exp 
^ n + 

t0^7T J fl + fI 



(8.15 ±2.13)- 10" 7 GeV, 



(25) 

r exp . + = (6.54 ± 0.54) ■ 10" 6 GeV. (26) 



Note that the value provided by NA60 [23] for F^^o^- is 
(14.7 + 3.3)- 10~ 7 GeV, i.e. somewhat larger than the one given 
in [28], but compatible to it within two standard deviations. 
Taking the full width of the w-meson F w = (8.49 + 0.08) MeV 
given in l28ll one gets the branching ratios 



- OJ— >7T^fl + fl' 



/T w = (1.16 ±0.07)- 10" 



r^o f+f -/r„ = (8.i+o.i)-io- 4 

and the experimental ratios given in ll28tl 

r exp 0+ /T a = (9.6 + 2.3)- 10~ 5 , 

r exp 0+ / r„ = (7.7 ± o.6) ■ i0" 4 . 

to— >n"e + e ' *" v ' 



(27) 
(28) 



(29) 
(30) 



IV. DECAY . 



From the Lagrangian ( TTOb one deduces that the indirect de- 
cay of the w-meson into an 77-meson and a dilepton can only 
happen via a virtual w-meson. The form factor including both 
the indirect and the direct decay is 



Mr) 



6V3/, 



mye 



2 m n 2 

e A +2b A e v m v —S iJ (q ) 



(33) 



-~e v h A m v \l + -^\S b) {q ) 



with the w-meson propagator defined analogously to the p- 
meson propagator in Eq. (fTTI i. The form factor is plotted in 
Fig. [5] and the single-differential decay widths for the decays 
cj — > r\y?pT and a> — > rje + e~ in Figs. [6] and [7J respectively. 
The single-differential decay width for the decay a> — > 77 e + e~ 
above m e + e - = Im^ is plotted in Fig. [8] As in the previously 
discussed reaction the results obtained from our two param- 
eter sets do not deviate much from each other. Whereas the 
result for the decay width calculated with the VMD model is 
off our results for a decay into a dimuon, all three curves are 
consistent with each others for the case of a decay into a di- 
electron. 

As there are no experimental data for these decays avail- 
able, the following partial decay widths are predictions. With 
our Lagrangian one gets for the partial decay widths 



^u-nrtr = (8-51 + 0.01) • 10- 12 GeV, 
r w -», e+e - = (2.72 + 0.09) • 10" 8 GeV 



and the branching ratios 



V^/r /r w = (1.00 ±o.oo)- 10 

-/r m = (3.20 + 0.10)- 10" 



-9 



to^rje+e 



(34) 
(35) 



(36) 
(37) 



In view of the order of magnitude of the partial decay width 
and the branching ratio for the decay into a dimuon, a verifi- 
cation of this result by experiments might not be possible. 
Additionally, one gets the partly integrated single-differential 
decay width of the decay into a dielectron 



ppart = (2.6I ± 0.00) • 10" 

to—>i] e + e K ' 



and the corresponding branching ratio 

/ r w = (3.07 + o.oo) • 



GeV 



10" 



(38) 



(39) 
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FIG. 5. Form factor of the decay a> — > 77 Z + /~. The solid line describes 
the form factor calculated with parameter set dPll l and the dotted the 
one calculated with parameter set dP2t . The dot-dashed line is calcu- 
lated with the VMD model. 
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FIG. 7. Same as Fig.[6]but for electrons instead of muons. As they 
are practically on top of each other the solid line describes the widths 
calculated with parameter sets dPlt . dP2b and with the VMD model, 
respectively. 




0.235 



FIG. 8. Single-differential decay width of the decay at — > r\e + e~ 
above m ( t t - = The again practically indistinguishable widths 
calculated with the parameter sets dPlt and dP2t are described by the 
solid line, the widths calculated with the VMD model is described 
by the dot-dashed line. 
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FIG. 6. Single-differential decay width of the decay at — > T]fi*fi~. 
The solid line describes the (practically indistinguishable) widths 
calculated with parameter sets dPlb and dP2b . respectively. The dot- 
dashed line is calculated with the VMD model. 



V. DECAY — > 77 fT 

The Lagrangian ( TTOb only allows for an indirect decay of 
the 0-meson into an 77-meson and a dilepton via a virtual <p- 
meson. The form factor including both the indirect and the 
direct decay equals 



M<1 ) 



2mA 



3 y6fmye 
1 

4 



2 



M 1 ) 



(40) 



-—evliAm v 



2 ^ 
nr. 



S <p(q 2 ) 



with the 0-meson propagator defined analogously to the p- 
meson propagator in Eq. (fTTI i. In Fig. |9] the form factor is 
plotted in comparison to the data taken with the SND detec- 
tor at the VEPP-2M collider ll29ll for the decay of a </>-meson 
into an ^-meson and a dielectron. Although our calculations 
are in agreement with the data, it is not possible to evaluate 
how well they describe the data due to the relatively large er- 
ror bars. Also the VMD model agrees with the data within 
errors. Deviations between the results obtained from our two 
parameter sets are small. Better data can help to see whether 
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our approach or the standard VMD model does a better job. 
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FIG. 9. Form factor of the decay <f> — > rjl + T compared to the ex- 
perimental data (for electrons) taken at the VEPP-2M collider l29h . 
The solid line describes the form factor calculated with parameter set 
JF* 1 1 and the dotted the one calculated with parameter set dP2t . The 
dot-dashed line is obtained with the VMD model. 

In Figs. [10] and [TT] [12] the single-differential decay widths 
for the decays <p — > T]fx + fi~ and — > rje + e~, respectively, are 
plotted. 
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FIG. 10. Single-differential decay width of the decay <p — > rjfi + ji~. 
The solid/dotted line describes the width calculated with parameter 
set fPTb/dP2t. The dot-dashed line is obtained with the VMD model. 

Again, the three different theoretical single-differential de- 
cay widths for the decay (f> — > rje + e" agree well. For the de- 
cay <p — > 7] yu + /i _ the differences between the curves calculated 
with parameter set dP 1 b and dP2l ) are larger than those for all 
other decays. This might seem to be in contradiction to Fig. [9] 
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FIG. 11. Same as Fig.QJJbut for electrons instead of muons. 
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FIG. 12. Same as Fig.fTJJbut only for dielectron masses above Im^ 



where the two corresponding curves were closer together. We 
stress, however, that we do not use the experimental value of 
T^rjy to get the differential width from ([8]l but rather the re- 
spective one determined in ([9]). By inspecting Table[TJone sees 
that the corresponding values for our two parameter sets devi- 
ate from each other. This has the effect to move the dP2b curve 
downwards and away from the (IF* 1 b curve. Remembering that 
on the one hand the c*-meson is the heaviest light vector meson 
and on the other hand the differences between the parameter 
sets roughly give the error of the leading-order calculation, 
this is an intrinsically consistent result of our approach. 
For the partial decay widths one gets 

r^,^ = (2.75 + 0.29) ■ 10~ 8 GeV, (41) 
T^ne*e- = (4.64 + 0.26) ■ 10~ 7 GeV. (42) 

and with the full width r = (4.26 + 0.04) MeV taken from 
rt28"ll one gets for the branching ratios 



r,„ 



/I> = (6.44 ±0.69)- lO" 6 , (43) 
«, e +e - I T = (1.09 + 0.06) ■ 10- 4 . (44) 



For the decay into a dimuon no experimental values are avail- 
able. The calculated values for the decay into a dielectron 
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agree well with the experimental values given in ll28ll 

r £W = (4 - 90 ± °- 47) ■ 10-7 GeV (45) 

and 

K^n e*e- I r = d- 15 ± - 10 ) ' 10_4 - ( 46 ) 

The value for the partly integrated single-differential decay 
width of the decay into a dielectron is 

r p ^f = (3.59 ± 0.37) • 1(T 8 GeV (47) 

with the branching ratio 

VI. SUMMARY AND OUTLOOK 

The chiral Lagrangian including light vector mesons and 
Goldstone bosons was used to calculate in leading order the 
decays of narrow light vector mesons into a pseudoscalar me- 
son and a dilepton. Thereby, the leading-order terms were 
identified by the counting rules proposed in [5j]. In general, 
the results are in very good agreement with the available ex- 
perimental data. We predict several quantities not determined 
yet by experiments. Concerning the form factor of the to to 
7T° transition we have obtained a much better description of 
the NA60 data than the standard VMD model. Only for high 
dilepton masses close to the kinematical boundary we failed 
to describe the very steep rise of the data. In view of the fact 
that so far no satisfying theoretical description of the large 



deviations from VMD was available (cf. the discussions in 
ll24l EBl EH), we regard our approach as an important step 
forward. 

In the present work we have restricted ourselves more or 
less to a leading-order calculation. We have tried to esti- 
mate the error induced by that restriction by keeping one 
(tree-level) next-to-leading-order term. The deviations turned 
out to be small. Nonetheless, to show that our whole ap- 
proach makes sense as an effective field theory and not just 
as a cleverly chosen hadronic tree-level model it is mandatory 
to perform at least next-to-leading-order calculations. Also 
in that context we expect that interesting interrelations will 
show up by a combined study of reactions like a> — > r/y* and 
r\ — > y w <j/ — > y (t) y*. It might appear that in a next-to- 
leading-order calculation, being valid up to higher energies, 
one also gets a better description of the high-mass part of the 
u> to 7T° transition form factor. 

Logically prior to the next-to-leading-order calculations is 
an exploratory tree-level calculation of the mentioned pseu- 
doscalar decays. Here further experimental results for all 
available channels like n, r\ to y + dilepton and also to dilepton 
+ dilepton would be extremely helpful. 
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